Nutrient pollution and fishing are the primary local causes of coral reef decline but their ecosystem-scale effects are poorly understood. Results from small-scale manipulative experiments of herbivores and nutrients suggest prioritizing management of fishing over nutrient pollution because herbivores can control macroalgae and turf in the presence of nutrients. However, ecological theory suggests that the opposite occurs at large scales. Moreover, it is unclear whether fishing decreases herbivores because fishing of predators may result in an increase in herbivores. To investigate this paradox, data on the fish and benthic communities, fishing, and nutrients were collected on Kiritimati, Kiribati. Oceanographic conditions and a population resettlement program created a natural experiment to compare sites with different levels of fishing and nutrients. Contrary to theory, herbivores controlled macroalgae in the presence of nutrients at large spatial scales, and herbivores had greater effects on macroalgae when nutrients were higher. In addition, fishing did not increase herbivores. These results suggest that protecting herbivores may have greater relative benefits than reducing nutrient pollution, especially on polluted reefs. Reallocating fishing effort from herbivores to invertivores or planktivores may be one way to protect herbivores and indirectly maintain coral dominance on reefs impacted by fishing and nutrient pollution.
Introduction
Fishing [1] [2] [3] [4] [5] [6] [7] and nutrient pollution [8, 9] or both [10] [11] [12] [13] [14] are cited as the most important local causes of coral reef decline. It is difficult, however, to evaluate local fishing and nutrient effects independently because these factors are almost always confounded and large-scale experiments are infeasible. Results from theoretical and small-scale experimental studies (typically <1 m 2 , four from 50 to 250 m 2 [14] ) suggest prioritizing management of herbivore populations because herbivores can control the effect of nutrients on macroalgal and turf abundance and nutrient enrichment alone is not sufficient to cause a phase shift from coral to macroalgal and/or turf algal dominance [11, 14, 15] . In order to apply these results and implement ecosystembased management, information is needed on (1) how fishing and nutrients interactively affect the fish and benthic communities, (2) the mechanisms by which fishing (rather than cages that exclude fish) and nutrients are linked to shifts to macroalgal and turf algal dominance, and (3) whether herbivores can control macroalgae and turf algae when nutrient enrichment occurs at spatial scales of 10 s of kilometers, the spatial scale of local nutrient pollution.
Our understanding of how fishing and nutrients interactively affect fish and benthic communities is informed by a large number of factorial experiments that examine effects of herbivores and nutrients on benthic communities [14] and observational studies of the effects of marine reserves or fishing on the fish and benthic communities [1, 2, 4, 5, 7, [15] [16] [17] [18] [19] [20] . A meta-analysis of factorial experiments that manipulated herbivores and nutrients suggests that low levels of herbivory are the primary factor increasing macroalgae on coral reefs but that nutrient enrichment can enhance this effect [14] . Nutrient enrichment, however, decreases turf algae in tropical systems when herbivores are present [14, 21] . In contrast, reef-builders (corals and crustose coralline algae (CCA)) are more abundant when herbivores are present [14, 21] . Nutrient enrichment affects corals and CCAs differently, just as it has different effects on macroalgae and turf algae. Corals are less abundant when nutrients are enriched [21] , while CCA is more abundant when nutrients are enriched in the presence of herbivores [21] . Although 2 Journal of Marine Biology there is a relatively good understanding of the effects of herbivores on algae, our understanding of the effects on corals is very limited because only one study to date is long enough to examine effects on coral recruitment [21] .
No studies have factorialy manipulated fishing and nutrients and only limited inferences can be made from the results of experiments that use cages to reduce herbivory because it is unclear whether fishing also results in reduced herbivory. One hypothesis is that fishing removes top predators, indirectly increasing the abundance of herbivores and decreasing macroalgal and turf algal abundance through a trophic cascade [18] [19] [20] . There is limited evidence for trophic cascades on coral reefs probably because trophic linkages are diverse, some herbivores escape in size from predation, and some important herbivores, such as parrotfish, can be targets in mixed-gear coral reef fisheries [22] . Alternatively, fishing may first remove large, slow growing, late maturing fish and sequentially remove species with less vulnerable life histories [23] . In fisheries where these life history traits correspond well to specific trophic groups, this results in "fishing down the food chain" from top predators to carnivores to herbivores [24] , which may increase macroalgal and turf algal abundance. Fisheries across a gradient of socioeconomic development show evidence of a transition from gillnets (nonselective) to spearguns (selective) to handlines (selective for predators/carnivores only) [25] . This suggests that more developed fisheries are more likely to cause a trophic cascade, while a fishery with a diversity of gear types may mask the effects of a trophic cascade by fishing simultaneously or sequentially down the food chain or size classes.
The relative importance of managing herbivore populations versus nutrient inputs depends on whether topdown control of macroalgae and turf algae, which has been shown in small-scale (∼1 m 2 ) experiments, also occurs at large spatial scales. Using simple Lotka-Volterra models of nutrients, autotrophs, and consumers, Gruner et al. [26] predicted that top-down control should occur if herbivory increases proportionally with nutrient-induced increases in autotrophs. Therefore, top-down control could be an artifact of the small scale of an experiment if herbivores concentrate their grazing on small patches of nutrient enriched algae [14] . In contrast, empirical studies show that at larger spatial scales herbivores are less able to track resources because of increased resource heterogeneity or predation risk, suggesting that top down control will not be observed at large spatial scales [27] [28] [29] . Gruner et al. [26] found no association between the spatial scale of experiments and effect size of herbivores across 191 manipulative experiments; however, this may have been a result of comparing experiments across different ecosystems, over a small range of spatial scales (<1 to ∼400 m 2 ), or with few predators.
A population re-settlement program and island-wake upwelling (the vertical transport of nutrients from deeper waters caused by a current flowing around an island) on Kiritimati Atoll, Line Islands, Kiribati (Figures 1 and 2) , created a unique large-scale natural experiment to test the ecosystem-scale effects of fishing and nutrients. Kiritimati was permanently settled less than 150 years ago but resettlement of people from the capital, Tarawa (∼3,000 km to the west), has caused rapid population growth (66% increase from 1985 to 2005) [30] . Despite the recent population growth, Kiritimati remains largely undeveloped with artisanal fishing being the primary economic activity. Spatial variation in fishing pressure is not expected to be caused by the variation in fish abundance because the spatial pattern of fishing is a consequence of the government program, an exogenous factor unrelated to fishing resources. Therefore, greater inference can be made about fishing as a factor in the observed ecosystem structure than in most studies along fishing gradients. Similar inferences can be made about the role of nutrients because island-wake upwelling is an exogenous factor that creates a zone of higher nutrients and primary production on the northwestern side of the island (Figure 2 , see Figures S1, S2 in Supplementary Material available online at doi: 10.1155/2011/187248 for in situ data on currents, sea surface temperature, fluorescence, and phosphate). Importantly, fishing, and nutrients are not confounded because settlement has mostly occurred along the northern coastline and nutrient pollution from land is low because rainfall is low, there are no industrial activities, bird populations are lower near villages and, overall, the human population is relatively low [7, 31, 32] .
Recent studies of the reefs in the upwelling zone on Kiritimati show that the water chemistry was more characteristic of nearshore reefs than oceanic reefs and had higher concentrations of microbes, which were associated with coral disease and fewer coral recruits [32] . These reefs also had fewer top predators and corals and more planktivores and macroalgae and turf algae compared to nearby unfished reefs (Palmyra Atoll and Kingman Reef) in less productive waters in the northern Line Islands [7] . However, the relative importance of fishing and nutrients is still uncertain because fishing was confounded with oceanographic conditions in previous studies of coral reefs in the northern Line Islands across a gradient of fishing pressure from unfished Palmyra and Kingman Atolls to fished Tabuaeran and Kiritimati (note that only sites in upwelling zone of Kiritimati were studied) [7, 32] . Here, I took advantage of the spatial variation in fishing and nutrients within Kiritimati to disentangle the effects of fishing and nutrients on coral reefs at the ecosystem scale.
In sum, I expected that reefs with higher nutrients should have a higher abundance of macroalgae, turf algae, herbivores, and planktivores, while fished reefs should have a lower abundance of top predators and carnivores (Table 1) . I expected that fishing down the food chain and size classes should be the best supported mechanism for the pattern in fish abundance because Kiritimati has a fishery with a mix of gear types (Table 1 ). In addition, I expected that herbivores should not exhibit top down control of macroalgae and turf algae in the presence of nutrients because fishing and nutrients enrichment on Kiritimati occur at large spatial scales. I tested my expectations for the effects of nutrients and fishing on the abundance of fish and benthic community groups using a natural factorial experimental design (Figures 1 and 2 ). This natural experiment replicated small-scale manipulative experiments at a larger spatial scale and measured effects for a greater number of ecosystem components. I then investigated the ecological mechanisms associated with fishing and top-down control of macroalgae and turf algae at large spatial scales using regression basedmethods. These tests allowed for interpretation of the effects of fishing and nutrients on coral reef ecosystem structure in the context of ecosystem-based management [33] .
Methods

Study
Sites. I surveyed the benthic and fish communities at 37 sites in the fore-reef habitat ( Figure 1 ) from July 20 to August 10, 2007. Of these, 24 were chosen using a priori knowledge of fishing and chlorophyll-a concentrations, based on the spatial distribution of upwelling and human settlements, to create a balanced factorial design with two factors (fishing and chlorophyll-a) and two levels of each factor (high and low). An additional 13 sites were chosen to capture the full fishing gradient and allow for tests of mechanisms using regression-based methods. These additional sites were not included in analyses of the natural factorial experiment because their inclusion would cause fishing and chlorophyll-a to be correlated; however, they could be used in the analysis of mechanisms linking changes in the fish community and chlorophyll-a to changes in the benthic community because chlorophyll-a was shown to not affect top predator or herbivore biomass (see results and Table S4 in Supplementary Material results of twoway ANOVA comparing effects of fishing and chlorophylla on fish biomass), and herbivore biomass and chlorophylla were not significantly correlated across the full range of sites (Spearman Correlation, rho = −0.25, P = .14). Sites were no less than 1 km apart (with one exception), and exact locations were chosen haphazardly. No sites were surveyed on the south central coast due to a lack of roads, the distance from the harbor, and large waves. Data on chlorophyll-a and fishing were estimated for each site using remote sensing and household survey data, respectively ( Figure 2 ). other (see Table S1 in Supporting Information for assignments of benthic taxa to groups)] was measured using the photoquadrat method along two 25 m transects, separated by approximately 10 m at 10-12 m depth (for details see [7] ). Five randomly chosen photographs from each transect were analyzed because additional photographs were determined to not significantly change the mean benthic cover of each functional group. In addition, a two-way ANOVA with site and photoquadrat as factors verified that the number of photoquadrats was sufficient to distinguish differences in percent cover of taxonomic groups between sites.
Data
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Benthic Community Coral
Reef
Fish. Data on numerical abundance and length of reef fish species were collected by a pair of divers along three 25 m transects, separated by 10 m, on an isobath between 10-12 m depth at each site (for details see [7] ). Counts were converted into biomass estimates using published lengthweight parameters and summed by major trophic groups [top predators, carnivores, herbivores, and planktivores (see Table S2 in Supporting Information for assignments of fish species to trophic groups)]. As was done with the benthic data, a two-way ANOVA with site and transect as factors verified that the number of transects was sufficient to distinguish differences in biomass of trophic groups between sites.
Fishing.
Surveys of fishing activity were conducted during July-August 2007 in the four villages of Kiritimati ( Figure 2 ). The same percentage of surveys was conducted in each village (17%), except for the smallest village where a higher percentage (43%) was sampled to capture the expected variability in household fishing. Households were chosen haphazardly. The head of the household or other person sufficiently knowledgeable of the fishing activities of the household was interviewed after oral consent was obtained. The interviewee was asked to recall catch (kg) by family or species, effort, gear, location, and habitat for all fishing trips conducted over the previous seven days. Each trip was assigned a number, and the interviewee was asked to mark the location of each trip on a map. The fishing data were weighted by the reciprocal of the product of the number of households surveyed in a village and the probability that the household was chosen in order to make population-level estimates of fishing for each village.
Oceanographic Data.
Chlorophyll-a was used as a proxy for nutrients because it is a more sensitive indicator of nutrient enrichment than nutrient concentrations themselves [34, 35] . Data on chlorophyll-a were obtained from MODIS on Aqua at a resolution of 0.04 degrees. Monthly chlorophyll-a data were collected from September 16, 2002 to August 16, 2007 . Each site was assigned to the nearest cell, and the average value for the time series was used. When data were missing, the value of the cell was interpolated as the average of the adjacent cells. Chlorophyll-a data from the 24 sites, which were chosen to create the natural factorial design experiment, were tested for differences in chlorophylla concentrations inside and outside of the upwelling zone using a t-test. A categorical variable representing levels of chlorophyll-a (high and low) was then used in two-way fixed effects ANOVAs testing the effects of chlorophyll-a and fishing on benthic taxonomic and fish trophic groups at these 24 sites. Continuous site-specific chlorophyll-a data were used in regression based-analyses of the mechanisms structuring the fish and benthic communities. Water samples were collected in July-August 2009 and analyzed for chlorophyll-a concentration to verify the patterns observed in the satellite data. A total of 21 surface water samples (500 mL) were collected in the upwelling zone, and 11 samples were collected outside of the upwelling zone while revisiting the 24 sites used to create the natural factorial design (Figure 1 ). Water was stored on ice, transported to shore, and filtered. Filters were stored in aluminum foil and frozen at −20 • C. Upon returning to the lab, pigments were extracted from the filters with a 90% acetone solution. The extract was centrifuged, and the supernatant was analyzed for chlorophyll-a content using a Turner Designs Model 700 fluorometer. Since analyses could not be done immediately on island, chlorophyll-a concentrations were adjusted for degradation due to storage using the following formula: chl a concentration = −17.31 * log(days stored at −20 • C) + 95.88 [36] .
Data Analysis
2.3.1. Fishing Data. In total, 145 households were surveyed, which resulted in 248 fishing trips being characterized. The fore-reef habitat accounted for 23% of fishing trips (n = 57), and only these trips were analyzed. The remainder of the fishing trips were in the open ocean (28%), lagoon (44%), or in fish ponds (5%). Fish catch was binned by 2 km intervals along the coastline. The distance in either direction from each bin to each village was measured. An exponential function of this distance (x) was fit to the binned fish catch data (y) (y = β 1 * β x 2 ) (R 2 = 0.91, P < .001). This function was weighted by the fraction of the fish catch in either direction from each village and then used to estimate fish catch at each ecological survey site using the distance from a village to the site. The total fish catch at a site was the sum of the fish catch from each of these village and direction-specific estimates. Fishing data from the 24 sites, which were chosen to create the natural factorial design experiment, were tested for differences in fish catch near and far from the population center using a t-test. As with chlorophyll-a, a categorical variable representing levels of fishing (high and low) was then used in two-way fixed effects ANOVAs testing the effects of chlorophyll-a and fishing on benthic taxonomic and fish trophic groups at these 24 sites. Continuous site-specific fish catch data were used in regression-based analyses of the mechanisms structuring the fish and benthic communities. Summary statistics on frequency of gear types and catch composition (percentage of top predator, carnivore, herbivore, and planktivore biomass) were calculated directly from the pooled catch data. Catch composition was compared across areas identified a priori 6 Journal of Marine Biology as high and low fishing for the natural factorial experiment using MANOVA (Stata v9).
Ecosystem
Structure. The differences in mean biomass of fish trophic groups (all log-transformed except for herbivore biomass) and percentage cover of each benthic taxonomic groups were tested using two-way ANOVA with chlorophyll-a and fishing as fixed effects (Stata v9). These data were tested for independence using Moran's I because sites within a given treatment were spatially clustered. There was no evidence of spatial autocorrelation for the nine response variables within any of the four treatments, except for herbivore biomass within the low chlorophyll-a/high fishing treatment (see Table S3 in Supporting Information for tests of independence for response variables within each treatment in the natural factorial experiment and across all sites). However, when herbivore biomass was estimated using ordinary least squares, the residuals were tested for spatial autocorrelation, and no evidence of spatial autocorrelation was found (Moran's I = −0.04, P = .98), validating the use of the two-way ANOVA. The percentage of variance explained by each fixed factor was calculated using omega squared (ω 2 = (SS treated − df treated * MS error )/(SS total + MS error )) [37, 38] . Negative values of ω 2 were set to zero because their effects were assumed to be negligible [37] .
Mechanisms of Ecosystem
Change. The full set of 37 sites was used to test mechanisms linking fishing to changes in the biomass of top predators, herbivores, large-bodied fishes (≥20 cm), and small-bodied (<20 cm) fishes. Two trophic-based fishing mechanisms (trophic cascades and fishing down the food chain) and two size-based fishing mechanisms (size class cascades and fishing down size classes) were tested. Size class cascades refer to patterns in which a low abundance of large fish, due to fishing, is associated with a high abundance of small fish, regardless of the trophic groups. For trophic-based models, I estimated the relationships between (1) fishing and top predators, (2) fishing and herbivores, and (3) top predators and herbivores. For size-class-based models, I estimated the relationship between (1) fishing and large-bodied fishes, (2) fishing and small-bodied fishes, and (3) large-bodied and small-bodied fishes. Linear and log-log models were estimated for the relationship between fishing and the biomass of fish groups. Linear, piecewise, and quadratic models were estimated for the relationship between the biomass of different fish groups. Piecewise models were estimated to test for evidence of fishing down mechanisms and identify points ("cut points") where fishing pressure switches from one fish group to another (see Supplementary Methods) . Quadratic models were estimated to test for evidence of mixed control by cascading and fishing down mechanisms.
Prior to model estimation, top predator, herbivore, largebodied fish and small-bodied fish biomass were tested for independence across all sites using Moran's I and failed (see Table S3 ). Models were then estimated using ordinary least squares. In the case of piecewise models with an unknown cut point, the cut point was first estimated using nonlinear least squares, and then the estimated cut point was used to estimate a piecewise function (see Supplementary Methods) . After estimation of each model, the residuals were tested for spatial autocorrelation. If the residuals exhibited spatial autocorrelation, models were estimated using spatial simultaneous autoregressive linear models (R 2.7.0). Akaike's Information Criterion adjusted for sample size (AIC c ) was used to assess the relative information content of each model. Normalized Akaike weights (w i = exp(−(1/2)Δ i )/ N n=1 exp(−(1/2)Δ n )) were presented to indicate the probability that the given model (i) was the best model out of the set of N models considered [39] . Monte Carlo permutation tests were used to test the robustness of the best models estimates because there were far fewer observations at sites experiencing high fish catch (R 2.7.0). P values were generated from comparisons of F-statistics associated with ordinary least squares estimates of a model using the observed data and 1,000 random permutations of the data.
The full set of 37 sites was also used to test for mechanisms linking fishing of herbivores and enrichment of nutrients to changes in benthic community structure. Six models representing all combinations of independent and interactive effects of herbivore biomass and chlorophyll-a were estimated for each benthic taxonomic group (coral, CCA, turf, macroalgae) (see Table S6 ). The four benthic taxonomic groups were tested for independence across all sites using Moran's I and failed (see Table S3 ). Following the same procedure as was used for models of fishing mechanisms, models were estimated using ordinary least squares, and the residuals were tested for spatial autocorrelation. When there was evidence of spatial autocorrelation, models were estimated using spatial simultaneous autoregressive linear models (R 2.7.0). The AIC c and normalized Akaike weights were calculated for each model (see Table S6 ) to determine which models best explained the patterns of abundance in benthic taxonomic groups (for estimates of best candidate models, see Table S7 ).
Results
Fishing and
Chlorophyll-a Conditions. The analysis of chlorophyll-a levels and fishing pressure for the subset of 24 sites validated the factorial experimental design. Fish catch was higher at sites that were a priori assigned to the high fishing "treatment" in the north near the two largest villages (141 kg km −1 wk −1 ), which are inside and outside of the upwelling zone, than away from the villages at sites that were assigned to the low fishing "treatment" (27 kg km −1 wk −1 ) (t (22) = −2.73,P < .01; Figure 2 ), supporting the claim that patterns in fishing pressure have been determined exogenously by the population re-settlement program. However, fish catch was not significantly different across sites within the upwelling zone assigned to the high chlorophyll-a "treatment" and sites outside of the upwelling zone assigned to the low chlorophyll-a "treatment" (t (22) = 0.12, P = .90).
Across all sites, fish catch ranged from 445 kg km −1 wk −1 to less than 1 kg km −1 wk −1 . Half of fishing trips used hook between a given model, i, and the model with the minimum AIC c . * All predictors are random variables, and models were estimated using ordinary least squares. However, if residuals exhibited spatial autocorrelation, relationships were estimated using spatial simultaneous autoregressive linear models. and line. Gillnets (26%) and spears (19%) were the next most common gear. A small percentage of fishermen (5%) used SCUBA and hand nets to collect fish for the aquarium trade. Top predators (37%) and herbivores (36%) comprised the largest percentage of the total catch by biomass. Carnivores (20%) were the next largest, and planktivores (7%) were a small percentage of the total catch. Catch composition (percentage of biomass by trophic group) was not different in areas with high and low fish catch (F (4,76) = 1.18, P = .32). The twelve sites along the northwestern coastline in the upwelling zone that were assigned to the high chlorophylla "treatment" had a 18.6% (95% CI: 17.7%-18.8%) higher mean chlorophyll-a concentration (0.221 mg m −3 ), as observed monthly by MODIS on Aqua between 2002 and 2007 than the twelve sites along the northeastern coastline, which are outside of the upwelling zone and assigned to the low chlorophyll-a "treatment" (0.180 mg m −3 ) (t (22) = −6.14, P < .0001; Figure 2 ). In situ chlorophyll-a concentrations measured in 2009 also supported this pattern (t (30) = −2.16, P < .05). When all sites were considered, a 41.2% (95% CI: 37.6%-44.4%) difference in chlorophyll-a concentration was observed from the highest to the lowest chlorophyll-a site. Satellite-derived chlorophyll-a levels were not, however, significantly different across areas within the high and low fishing "treatments" (t (22) 
Although the lagoon entrance and one of the two largest villages are in the upwelling zone, current and isotope data suggest that the nutrient patterns are determined exogenously by patterns of upwelling. Interpolation of surface currents from ACDP vector data shows an inflow of water to the lagoon (see Figure S1 ). Moreover, the lagoon waters are largely oligotrophic given the limited land runoff. In addition, Dinsdale et al. [32] found no evidence of human waste water in the nitrogen isotope signature of particulate organic matter in the upwelling zone.
Ecosystem Structure.
Fishing had the largest effect on and explained most of the variance in the biomass of the upper trophic levels of the fish community (see Table  S4 in Supporting Information). Top predator biomass was 75% higher at sites with low fish catch (0.78 mT ha −1 ) as compared to sites with high fish catch (0.18 mT ha −1 ) (F (1,20) = 8.37,P < .01). Carnivore biomass was 63% lower at sites with high fish catch (F (1, 20) = 7.80, P < .05). In contrast, planktivore biomass was only 36% lower at these sites (F (1, 20) Chlorophyll-a mainly affected the lower trophic levels of the benthic community (see Table S5 in Supporting Information for results of two-way ANOVA comparing effects of fishing and chlorophyll-a on benthic taxonomic group percent cover). Percent cover of both turf (F (1, 20) = 10.24, P < .01) and macroalgae (F (1, 20) = 11.06, P < .01) was higher at sites with high chlorophyll-a, whereas CCA cover was lower (F (1, 20) = 17.56, P < .001). Macroalgal cover was also higher at sites with high fish catch (F (1, 20) was higher at low chlorophyll-a sites, outside of the upwelling zone. Planktivores outside of the upwelling zone were mostly large-bodied Fusiliers as compared to small-bodied Anthias and Chromis inside the upwelling zone.
Mechanisms of Ecosystem Change.
The full set of 37 sites was used for tests of mechanisms linking (1) fishing to changes in top predators, herbivores, large-bodied fishes, and small-bodied fishes and (2) fishing of herbivores and enrichment of nutrients to changes in benthic community structure. Fishing resulted in an exponential decline of top predators from 3.73 mT ha −1 (73% of total biomass) at the least fished site to 0.02 mT/ha (6% of total biomass) at the most fished site ( Table 2 , Figure 3(a) ). Large-bodied fishes showed a similar trend from 7.61 mT ha −1 (92% of total biomass) to <0.01 mT ha −1 (4% of total biomass) ( Table 2 , Figure 3(b) ). Herbivore and small-bodied fishes declined less dramatically with fish catch ( declining only when large-bodied fish biomass was low (cut point: <2.04 mT/ha (95% CI: 1.16, 2.90)), supporting the fishing down size classes hypothesis ( Table 2 , Figure 3(f) ). Permutation tests verified the robustness of these model estimates to the low number of sites sampled under low fishing conditions.
No single model carried the majority of the weight (i.e., w i > 0.50) in explaining the abundance of coral, CCA, and turf (see Table S6 in Supporting Information for results of selection of best models of the effect of herbivores and chlorophyll-a on the percent cover of benthic taxonomic groups). Coral cover was best explained (w i = 0.25) by the additive effects of herbivore biomass and chlorophylla levels with all other models having weights equal or less than 0.20; however, these individual effects were not significant (Figure 4(a) , Table S6 , see Table S7 in Supporting Information for detailed statistics of model estimates of the effect of herbivores, chlorophyll-a and/or their interaction on benthic taxonomic groups from the best candidate models). Models with herbivore biomass alone (w i = 0.29) and herbivore biomass and the interaction between herbivore biomass and chlorophyll-a (w i = 0.28) were almost equally likely to provide the best estimates of CCA cover (see Tables  S6 and S7 ). These models provide evidence that increases in herbivore biomass should be associated with increases in CCA cover but that the magnitude of this effect should decrease with increasing chlorophyll-a levels, although this interactive effect is only significant at a 90% confidence level (Figure 4(b) , see Table S7 ). Models with herbivore biomass alone (w i = 0.24) and herbivore biomass and the interaction between herbivore biomass and chlorophyll-a (w i = 0.26) were also almost equally likely to provide the Journal of Marine Biology Tables S6 and S7 ). Dotted lines are 95% confidence intervals. best estimates of turf cover; however, the effects were not significant (Figure 4(c) , see Tables S6 and S7) .
A model of macroalgal cover including the predictor variables herbivores, chlorophyll-a, and their interaction, had a very high level of support (w i = 0.98). Herbivores and chlorophyll-a had significant independent and interactive effects on macroalgal cover (Figure 4(d) , see Tables S6  and S7 ). Increases in herbivore biomass were estimated to result in decreases in macroalgal cover, and this effect was enhanced with increasing chlorophyll-a ( Figure 5(a) ). Macroalgal cover was estimated to increase with increasing chlorophyll-a; however, increasing herbivore biomass reduced this effect ( Figure 5(b) ).
Discussion
The results of this large-scale natural experiment support those found at smaller scales, namely, that herbivores and nutrients control the balance between macroalgae and turf algae and reef-builders [14] . However, this study expands on previous research to show that (1) fishing primarily affects the fish community while nutrients primarily affect the benthic community, (2) fishing down the food chain or size classes are the best supported mechanisms by which fishing indirectly affects the benthos, and (3) herbivores and nutrients have unexpected interactive effects on macroalgal cover at large spatial scales. The first finding increases our understanding of the independent and interactive effects of nutrients and fishing on the benthic and fish community by including additional taxa and measuring fishing directly, while the other findings have important implications for management.
Fishing significantly decreased the biomass of all fish functional groups, when sites from the full fishing gradient were considered, and had the greatest effect on the upper trophic levels and large-bodied fishes. About half of fishing trips observed used hook and line, which selects for larger predators or carnivores. This was evidenced by the fact that almostly 40% of the catch was comprised of top predators and 20% was carnivores. It is not surprising then that fishing had a strong effect on both top predator and large-bodied fish biomass. However, the exponentially lower level of these groups at sites with high fishing is probably due also to their extreme vulnerability to fishing since they tend to have slow growth and late maturation [23] .
Herbivore and small-bodied fish biomass showed less dramatic differences between sites with different levels of fishing. Herbivore biomass was highly variable and not significantly affected by fishing when only the 24 sites included in the natural factorial design experiment, which do not include the mostly lightly fished sites, were evaluated. Gillnets, which are unselective and can capture herbivores and small fish, were used in about a quarter of all fishing trips. Spears, which are highly selective, were used in 14% of all fishing trips to catch larger herbivores, among other fish. Although almost 40% of the total catch was herbivores, the diversity of life histories of herbivores may ameliorate the effects on the entire functional group. In addition, there may have been insufficient statistical power to detect differences in herbivore biomass in the natural factorial experimental design, given the high variability of herbivore biomass at these sites. It is also possible that the variability in herbivore biomass at these sites reflects the higher variability in benthic community structure and is less related to fishing pressure.
There was no evidence that fishing top predators or largebodied fishes was associated with higher levels of herbivores or small-bodied fishes, respectively. This is consistent with the general finding that trophic cascades are not widespread on coral reefs [22] . However, trophic cascades has been observed involving invertebrates, such as sea urchins and crown-of-thorns [40] [41] [42] [43] . These invertebrates were virtually absent from reefs on Kiritimati; however, in more recent visits a high abundance of urchins have been observed at the most heavily fished sites. Evidence of an increase in the smallest size classes of fish have been observed on Fijian reefs [17] . However, this was not observed on Kiritimati possibly because the mixed gear fishery and flexibility of the local diet allow fishermen to switch to targeting herbivores and small-bodied fishes at sites where top predators and large-bodied fishes are not abundant. Together these findings help inform the debate over whether restoring top predator populations in marine reserves may have direct negative impacts on herbivore populations and indirect negative impacts on corals through reduced herbivory [18] . Marine reserves are unlikely to have negative indirect effects on corals if trophic cascades are uncommon on coral reef and spillover of predators from marine reserves may even help effectively protect herbivores outside the reserves if top predators are fished preferentially.
Herbivore biomass and nutrients (proxied by chlorophyll-a) were important predictors of benthic community structure. Coral, CCA, and turf algal cover exhibited mixed control, as evidenced by the fact that no single model of herbivore, nutrients, and their interaction had the majority of support (measured by AIC c weights). In contrast, there was overwhelming support for a model including main and interactive effects of herbivores and nutrients as the best predictor of macroalgal cover. None of the predictors in the best supported models of coral and turf algal cover were significant at a 95% confidence level, while all predictors in the best candidate models for CCA and macroalgal cover were significant at this level. The intermediate response times of CCA and macroalgae in comparison to the very fast and very slow response times of turf algae and coral, respectively, may explain this difference in the significance of predictor variables. Turf may grow rapidly after being grazed making the effects of herbivores difficult to observe. Corals grow slowly and may maintain the same size over long time scales despite changes in nutrients and herbivores, making percent cover a less sensitive metric. Despite the lack of significant effects of herbivores and nutrients on corals, the observed decline in CCA and increase in macroalgae in response to fishing herbivores and nutrient enrichment suggest that future declines in corals may occur due to decreased survival of recruits [32] . These results also support the hypothesis that differences in the levels of reef-builder cover found for the leeward sides of the northern Line Islands must be due at least in part to differences in fishing pressure and cannot be attributed to oceanographic effects alone [7] .
In contrast to theoretical predictions, a significant interactive effect of herbivores and nutrients on macroalgae was found at a large spatial scale (interactive effects were only significant at a 90% confidence level for turf algae) when all sites were analyzed using regression based methods. The natural factorial experiment results that were based on a subset of sites, however, did not find support for interactive effects of fishing and nutrients on macroalgae. This may be due to insufficient power, the insignificant effect of fishing on herbivores at these sites or that reductions in herbivores due to fishing, not fishing in general, affect macroalgae. Similar to small-scale manipulative experimental results, macroalgal cover was higher when nutrients were high and herbivores were low but nutrients had less of an effect on macroalgae when herbivores were high [14, 21] . This suggests that herbivores are able to track resources even at larger spatial scales and/or predators have a limited ability to control herbivores. In another large-scale natural experiment, Russ and McCook [44] found evidence that herbivores could control macroalgal growth following a cyclone that elevated nutrient inputs. However, a cyclone only results in a short pulse of nutrients while island-wake upwelling on Kiritimati results in persistently higher nutrients. In addition, the limited evidence for trophic cascades in this study and others supports the claim that predators do not control herbivore abundance. However, unlike small-scale experimental results, herbivores had less of an effect on macroalgae when nutrients were low. One possible explanation for this trend is that macroalgae are less susceptible to herbivory at lower nutrient levels due to plasticity within a species or changes in community composition [26] . In fact, Peyssonnelia spp. and Lobophora sp., which have been shown to be highly resistant to herbivory, were more abundant at sites with lower chlorophyll-a concentrations [45, 46] . This result may not be commonly reported because the time scale of manipulative experiments may be too short to observe shifts in species composition or algal defenses [26] . To resolve these issues, experimental designs that extend the spatial and temporal scale of these impacts are needed [21, 26] .
This study provides insight into how the results of smallscale experiments apply to ecosystem-based management because it was conducted at a large scale and measured effects on the fish and benthic communities. It also improves upon studies that have used natural gradients in nutrients [13, 47] or fishing [4, 5, 7] by taking advantage of orthogonal gradients in both factors, measuring fishing directly through the use of household surveys rather than using human population as a proxy, and using spatial simultaneous autoregressive linear models to address issues of spatial autocorrelation, when necessary.
This study, however, is still limited because it examined a relatively small number of reefs on a single island in a single season, it did not experimentally manipulate the factors, and nutrient enrichment was natural and relatively low compared to polluted reefs (reefs polluted by sewage in Kaneohe, Hawaii had chlorophyll-a levels up to 0.68 mg m −3 [48] ). Ideally the study would have examined multiple sites with all combinations of high and low fishing and nutrient pollution or manipulated these factors over 10s of kilometers. However, I am unaware of sites with these conditions, and large-scale manipulations may be impractical or unethical. Despite the small number of sites surveyed, especially in low fishing conditions, permutation tests verified the robustness of these results. In addition, fishermen noted during household surveys that fisheries on Kiritimati have limited seasonality, suggesting that a survey in a single season may be a good representation of fishing activities. By taking advantage of a unique situation in which fishing and nutrients can be argued to be determined exogenously by oceanography and government policy, some inference can be made about the causal role of fishing and nutrients in ecosystem patterns at large spatial scales. However, other factors, such as wave exposure, light, and temperature, could not be controlled across "treatments." Data on mean wave direction from the Christmas Island Buoy shows that the island is exposed to both north and south swells with similar frequency, therefore, it cannot be concluded that there are consistent differences in wave exposure at sites with different levels of fishing or nutrients [49] ( Figure S3 ). Given that nutrient concentrations vary due to upwelling, light and temperature would be expected to be confounded with nutrients. Although the role of light and temperature cannot be rejected with the data presented here, a study of upwelling, caused by internal tidal bores, on Florida coral reefs showed increased N and δ 15 N and decreased C : N ratio in benthic macroalgae across a gradient of increased exposure to upwelling, which provides evidence for a mechanistic linkage between nutrients and algal growth despite evident differences in temperature and light [47] .
Natural and manipulative experiments have their limitations, but results from both are needed especially for the development and evaluation of ecosystem-based management strategies [50] . Future research should develop a set of ecosystem-based management scenarios by conducting manipulative experiments at reef sites that represent the range of nutrient and fishing conditions and then use economic valuation methods to estimate the costs and benefits of reducing fishing and/or nutrients under different background conditions.
The common coincidence of fishing and nutrient enrichment, either due to better weather conditions for fishing in the lee of islands where island-wake upwelling occurs or the proximity of fishing grounds to sources of pollution, suggests that coral reefs in preferred fishing areas may be more sensitive to overfishing. Two management strategies are suggested by this study, which warrant further investigation. In the case of island-wake upwelling, reserves or spatial fish catch limits could be used to shift fishing pressure away from areas of high nutrients in order to reduce the risk of losing reef-builders. Similar policies could be used in the case of nutrient pollution; however, the costs of fisheries regulations should be weighed against the benefits of reducing other economic activities, which cause nutrient pollution. Fishing regulations should specifically aim to shift fishing effort away from herbivores and toward invertivores or planktivores, which may not have negative indirect effects on corals. Although managing both fishing and nutrients is important, protecting herbivore populations may result in greater relative benefits since herbivores can control macroalgae in the presence of nutrient enrichment, are even more effective grazers of macroalgae at high nutrient levels, and independently promote higher CCA cover.
